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Abstract 

Introduction: Methotrexate (MTX) has been for decades a standard treatment in a wide range of conditions, from 
malignancies to rheumatoid arthritis (RA). Despite this long experience, the mechanisms of action of MTX remain 
incompletely understood. Reported immunologic effects of MTX include induction of increased production of some 
cytokines, an effect that seems to be at odds with the generally anti-inflammatory effects of this drug in diseases 
like RA. To further elucidate these immune activities, we examined effects of MTX on the human monocytic cell line 
U937. 

Methods: The U937 cell line was treated in vitro with pharmacologic-range concentrations of MTX and effects on 
production of interleukin (IL)-1, IL-6 and TNF alpha were measured. Changes in gene expression for IL-1 and IL-6 
and specificities in the Jun-N-terminal kinase (JNK) signaling pathway including JNK 1, JNK2, JUN and FOS were also 
determined. The contribution of NF-kB, folate and adenosine pathways to the observed effects was determined by 
adding appropriate inhibitors to the MTX cultures. 

Results: MTX mediated a dose-dependent increase in IL-1 and IL-6 in U937 cells, as measured by secreted proteins 
and levels of gene expression. The increased cytokine expression was inhibited by addition of parthenolide and 
folinic acid, but not by caffeine and theophylline, suggesting that NF-kB and folates, but not adenosine, were 
involved in mediating the observed effects. When U937 cells were cultured with MTX, upregulated expression of 
JUN and FOS, but not JNK 1 or 2, also was observed. 

Conclusions: MTX induces expression of proinflammatory cytokines in U937 monocytic cells. These effects might 
mediate the known toxicities of MTX including pneumonitis, mucositis and decreased bone mineral density. 



Introduction 

Methotrexate (MTX) was first introduced into clinical 
practice as a chemotherapeutic agent more than six de- 
cades ago and the continued use of this older drug is evi- 
dence of its remarkable therapeutic effects [1-3]. Treatment 
with MTX is a key reason for the transformation of acute 
childhood leukemias from being uniformly fatal to having 
long-term survival rates of 70% or more. In rheumatoid 
arthritis (RA), MTX is considered a cornerstone of all ther- 
apies and its use is largely responsible for improved func- 
tional and structural outcomes in these patients [4]. Even 
the newer biologic agents in RA are generally given in com- 
bination with MTX to maximize therapeutic effects [5]. At 
the same time, the adverse events profile of MTX requires 
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application of caution in its use. Pulmonary toxicity with 
MTX is a rare but potentially fatal disorder and decreases 
in bone density may be another long-term consequence of 
treatment, especially at higher doses used in chemothera- 
peutic regimens [6]. 

The mechanisms of action of MTX are related at least 
in part to antiproliferative effects that are dependent on 
inhibition of dihydrofolate reductase and inhibition of 
nucleotide synthesis pathways [7]. Other activities, includ- 
ing release of adenosine and inhibition of polyamines, are 
thought to contribute to the anti-inflammatory effects [8]. 
Some actions of MTX also depend on stimulation of the 
production of reactive oxygen species (ROS) and induc- 
tion of T lymphocyte apoptosis [9]. In previous studies, we 
have shown that MTX treatment of patients with RA re- 
stores toward normal expressed levels of genes and associ- 
ated proteins related to cell cycle checkpoint pathways 
[10], and more recent studies suggest that expressed levels 
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of genes related to folate metabolism also may be altered 
in wVobyMTX [11]. 

The many documented effects of MTX include stimula- 
tion of both pro- and anti-inflammatory pathways. In some 
situations, such as pneumonitis and mucositis, enhanced 
cytokine production has been postulated to contribute to 
tissue damage [12-14]. The loss of bone density seen after 
long-term treatment with MTX, which is a greater concern 
in chemotherapeutic than in anti-inflammatory regimens, 
also has been attributed to increased levels of cytokines 
and activation of nuclear factor kappa B (NF-kB) [15]. 

Our previous studies with MTX have been focused on ef- 
fects in T lymphocytes, and have shown that these cells are 
primed by MTX for apoptosis by a JNK-dependent mech- 
anism [10,16]. The objective of the present study was to 
examine effects of MTX on cells of monocyte lineage, util- 
izing the human line U937. Comparisons were made with 
another drug used for RA, hydroxychloroquine (HCQ), 
which acts through lysosomes including those in macro- 
phages [17]. The findings of the present investigation show 
that MTX enhances production of the inflammatory medi- 
ators IL-6 and IL-1. Whether this action of MTX contrib- 
utes to some of the effects of this drug in vivo in treated 
patients is discussed. 

Methods 

Materials 

Methotrexate (MTX), hydroxychloroquine (HCQ), lipo- 
polysaccharide (LPS), caffeine (CAPF), theophylline (THEO), 
folinic acid (FA) and parthenolide (PAR) were from Sigma- 
Aldrich (St Louis, MO, USA). Secreted interleukin (IL)- 
lbeta, IL-6 and tumor necrosis factor (TNF)-alpha in 
culture supernatants were quantitated using enzyme- 
linked immunosorbent assay (ELISA) kits from Abeam 
(Cambridge, MA, USA) and results were expressed in 
standardized concentrations using reagents provided 
with these kits. 

Cell preparation and culture 

The human cell lines U937 (monocytes) and Jurkat (T 
lymphocytes) were obtained from ATCC (Manassas, VA, 
USA) and were maintained in suspension culture with 
RPMI 1640 supplemented with 10% fetal calf serum 
(FCS). Cell viability was determined by trypan blue dye ex- 
clusion and by the Vybrant MTT Cell Proliferation Assay 
(Invitrogen, Carlsbad, CA, USA). MTT is 3-(4,5-dimethyl- 
thiazol-2-yl)-2,5 diphenyl tetrazolium bromide and is used 
to quantify numbers of cells in culture [18]. Concentra- 
tions of MTX, HCQ, LPS and PAR ranged from 0.01 uM 
to 1 uM, as indicated in individual experiments. Of note, 
the concentration of MTX achievable after oral ingestion 
of a 20 mg tablet yields a plasma concentration of 0.1 uM 
after 10 hours [10]. Cultures were incubated in a humi- 
dified atmosphere with 5% C02 for 24 to 72 hours, as 



indicated in specific experiments. These studies were car- 
ried out in a human cell line and no institutional ethics 
approval or patient consent was required. 

Quantitative RT-PCR 

Total RNA was purified from cell pellets using the Qiagen 
RNeasy Mini Kit (Germantown, MD, USA) and quanti- 
tated with a NanoDrop 2000 (Thermo Scientific, Wilming- 
ton, DE, USA). Preparation of cDNA was done using the 
High Capacity RNA-to-cDNA Kit (Applied Biosystems/ 
Life Technologies, Carlsbad, CA, USA) with 100 to 200 ng 
RNA per synthesis reaction. RT-PCR analysis was per- 
formed for selected genes using TaqMan Gene Expression 
Assays (Life Technologies) with GAPDH as the house- 
keeping control gene with an ABI-7300 Real Time PCR in- 
strument. Expression values are normalized to GAPDH 
levels using the following formula: 2^ GAPDH ct Test s ene CT > 

Flow cytometry 

Cells were suspended at 1 x 10 6 /ml in phosphate-buffered 
saline with 2% bovine serum albumin (BSA) and 0.1% 
sodium azide and surface stained with PE-Cy-7-labeled 
anti-CD14 (Becton Dickinson, Franklin Lakes, NJ, USA). 
Apoptosis was quantitated using the PE Annexin V Apop- 
tosis Detection Kit (BD Pharmingen, BD Biosciences). 
This kit utilizes double-staining with PE Annexin V and 
7-amino actinomycin D (7-AAD) to distinguish between 
viable cells and those that are undergoing apoptosis. Stain- 
ing data were collected in a BD FACSCanto II in the 
Hershey Medical Center Flow Cytometry Core and Flowjo 
Software (Tree Star, Inc., Ashland, OR, USA) was used to 
analyze the results. 

Statistics 

Data were expressed as mean and standard deviation of 
the mean. The significance between the two experimen- 
tal groups was determined by Student's t test or, for 
comparison of three or more groups, by a one-way ana- 
lysis of variance (ANOVA) with Tukey's or Dunnett's 
multiple comparisons tests used as post tests where indi- 
cated. The analyses and the graphics were done with 
Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, USA). 
P values of less than 0.05 were considered significant. 

Results 

Cell viability and apoptosis 

We have shown previously that MTX primes Jurkat T cells 
for increased sensitivity to apoptosis and low levels of 
apoptosis are induced in these cells by MTX itself [10]. 
Compared to Jurkat T cells, U937 cells had reduced via- 
bility in vitro as measured by trypan blue dye exclusion 
(Figure 1). After 72 hours in culture, this difference was 
observed for cultures even with no added agents (92% vs. 
96%; P = 0.001), with 1 uM MTX (63% vs. 87%; P = 0.0004) 
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Figure 1 U937 and JKT cell lines were cultured with or without MTX (1 uM) and LPS (25 ug/ml). Viability determined by trypan blue dye 
exclusion was decreased by MTX in U937 but not JKT cell lines (top left). Decreased viability of U937 cells increased over time of incubation with 
MTX (1 uM) but not with HCQ (1 uM; top right). Forward/side scatter plots show changes consistent with decreased viability of 1)937 cells after 
72 hours of culture with MTX (1 uM) but not with HCQ (1 uM; lower left). Apoptosis measured by 7-AAD was increased in dose- and time- 
dependent fashion by MTX but was not induced by HCQ (lower right). P values were determined by one-way ANOVA. 7-AAD, 7-amino 
actinomycin D; ANOVA, analysis of variance; HCQ, hydroxychloroquine; LPS, lipopolysaccharide; MTX, methotrexate. 



and 25 ug/ml LPS (89% vs. 97%; P = 0.0031). HCQ (1 uM) 
had no significant effect. A greater than 40% decrease in 
viable U937 cells in 48 and 72 hour MTX (1 uM) cultures 
was also measured using the MTT assay (P <0.002). Flow 
cytometry profiles confirmed the presence of fewer viable 
cells in the forward scatter/side scatter (FSC/SSC) win- 
dow for the cultures with added MTX, but not with HCQ 
(Figure 1). MTX mediated a dose- and time-dependent in- 
crease in apoptosis of U937 cells as measured by 7-AAD 
(Figure 1); HCQ did not show an effect on the apoptosis 
profile. 

Cytokine expression 

Secretion of both IL-1 and IL-6 into culture supernatants 
was increased by MTX in a dose-dependent fashion 
(Figure 2, top panels). The increases were significantly dif- 
ferent from the control baseline at a MTX concentration 
of 1.0 uM. Expression levels of associated gene specificities 
for IL-1 and IL-6, normalized to GAPDH expression, were 
also significantly elevated in MTX cultures at the highest 
concentration tested, 1.0 uM (Figure 2 bottom panels). 
Levels of secreted TNF-alpha were also increased in 72 
hour cultures from 13 pg/mL in control cultures to 408 pg/ 
mL in MTX (1 uM) cultures (P = 0.022; not shown in 
figures). 

Mechanisms of cytokine induction 

The role of NF-kB signaling in the effects of MTX on 
cytokine induction was investigated by adding the inhibi- 
tor PAR. Direct addition of PAR (1 ug/ml) to U937 cells 



had no effect on U937 viability, which was greater than 
90% after 72 hours of culture. Co-culture of PAR with 
MTX resulted in significant decreases in IL-1 and IL-6 
gene expression to levels that were not significantly dif- 
ferent than control cultures (Figure 3, top panels). In 
addition, secreted levels of IL-1 and IL-6 were signifi- 
cantly decreased with addition of PAR to the MTX cul- 
tures (Figure 3 bottom panels). These results suggest 
that the MTX- induced upregulation of IL-1 and IL-6 is 
dependent on NF-kB. 

Possible involvement of the adenosine pathway on these 
cytokine effects was probed by culturing U937 cells with 
THEO and CAFF [19]. These two drugs when added in- 
dividually (1 uM) had no effect on cell viability. When 
present in culture in combination with MTX, no signifi- 
cant change in IL-lbeta or IL-6 gene expression was ob- 
served (Figure 4, top panels), suggesting that the adenosine 
pathway was not responsible for the cytokine response. In 
contrast, addition of folinic acid to MTX cultures resulted 
in decreased IL-lbeta and IL-6 gene expression (Figure 4, 
bottom panels) suggesting a role for folate-dependent 
pathways in mediating cytokine induction. 

Effects on JUN pathway genes 

In previous studies we have shown that levels of JNK1 
and JNK2 are decreased in lymphocytes from patients 
with RA, and that MTX treatment results in increased 
levels of these signaling molecules along with a decrease 
in sensitivity of lymphocytes to apoptotic signals [10]. 
To evaluate the role of these pathways in the observed 
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Figure 2 Production of IL-1 and IL-6 measured by ELISA in supernatants of U937 cells after 72 hours of culture with MTX showed 
dose-dependent increases (top panels). Similar increases in corresponding gene expression levels for IL-1 and II-6, expressed as Delta Ct values, 
also were measured (bottom panels). P values were determined by one-way ANOVA and post hoc analyses confirmed significant (P <0.05) 
increases at MTX 1.0 uM (indicated by asterisks) compared to cultures with no added MTX for all four measures. ANOVA, analysis of variance; 
ELISA, enzyme-linked immunosorbent assay; IL, interleukin; MTX, methotrexate. 



U937 responses, we measured gene expression levels in 
cultured cells, and found that JUN and FOS, but not 
JNK 1 or JNK 2, were upregulated by MTX, but not by 
HCQ, in a time- and dose-dependent manner (Figure 5). 
Addition of PAR to these MTX cultures did not signifi- 
cantly decrease the levels of FOS and JUN (data not 
shown). Expression levels of JUN and FOS were each 
correlated with levels of IL-lbeta gene expression (R 
values of 0.86 and 0.97, respectively). 

Discussion 

The findings reported here demonstrate proinflammatory 
effects of MTX on human monocyte/macrophage cells in- 
cluding gene upregulation and secretion of the cytokines 
IL-1, IL-6 and TNF-alpha. The underlying mechanism ap- 
pears to be consistent with an action on the NF-kB path- 
way rather than through adenosine receptors. Doses of 
MTX used in these studies are in a range that would be 
achievable with in vivo treatment of malignancies or auto- 
immune disease. So even though these are in vitro studies 
on a cell line, the results may have implications for actions 
of MTX in treated patients. Although no effects were ob- 
served on human peripheral blood cells (data not shown), 
localized tissue effects may contribute to some of the off- 
target actions of this drug. 



These proinflammatory effects of MTX are of interest 
because this drug is widely used to treat inflammatory and 
autoimmune disorders including RA, psoriatic arthritis 
and inflammatory myopathies. Mechanisms by which the 
low-dose intermittent regimen has clinical effects in these 
diseases remain somewhat obscure. The earliest concept, 
borrowed from oncology applications, was that of anti- 
proliferative actions, thereby reducing the burden of in- 
flammatory cells [7]. Other potential mechanisms have 
been proposed, including interactions with adenosine sig- 
naling pathways and generation of ROS [8,19,20]. In previ- 
ous studies we have shown that MTX primes T cells for 
apoptosis, an action that is dependent on JNK signaling 
pathways [16]. Overall, these effects likely result in a re- 
duced inflammatory burden that translates into decreased 
levels of damage in treated patients. 

However, other effects of MTX that have been reported 
appear to be directly contradictory to those that would be 
desirable for treatment of inflammatory conditions like 
RA. It is possible that these responses are relevant to some 
of the toxic, or off-target, effects of MTX that include bone 
loss, mucositis and pulmonary inflammation, especially at 
the higher doses used in chemotherapeutic regimens. Con- 
sistent with this is a short-term chemotherapy model in 
which MTX treatment in rats resulted in activation of NF- 
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Figure 3 IL-1 and IL-6 gene expression levels, normalized to GAPDH and expressed as Delta Ct values, were significantly increased by 
addition of MTX (1 uM) to 72 hour cultures of U937 cells and these increases were blocked by co-culture of MTX with PAR (1 uM) to 
levels that were not significantly different than those in control (CTRL) cultures (top two panels). P values for the gene expression 
comparisons were calculated by one-way ANOVA, and Dunnett's post test showed that only the MTX cultures were significantly different 
(*P <0.05) from corresponding CTRL cultures. Furthermore, secreted IL-1 and IL-6 cytokines measured by ELISA in these 72 hour U937 supernatants 
were significantly decreased when cells were co-cultured with MTX and PAR (bottom two panels). Significance (P values) for the IL-1 and IL-6 
supernatants was calculated by paired f test. ANOVA, analysis of variance; ELISA, enzyme-linked immunosorbent assay; IL, interleukin; MTX, 
methotrexate; PAR, parthenolide. 



1<B and increases in plasma levels of IL-6 and TNF-alpha 
[15]. Other studies using MTX treatment in rats have 
shown induction of TNF-alpha, IL-lbeta and macrophage 
inflammatory protein (MIP)-2 in the small intestine and 
these inflammatory cytokines likely mediate mucositis in 
the intestine and elsewhere in the gastrointestinal tract 
[12,14]. Relevant to pulmonary toxicity is the finding MTX 
has been shown to enhance expression of IL-lbeta and II- 
8 in a human bronchial cell line via the p38 MAPK sig- 
naling pathway [21]. Increased levels of these cytokines in 
localized areas of bone might explain why high doses of 
MTX have been associated with bone loss in oncology 
patients, although this has been rarely reported in pa- 
tients treated with low-dose regimens for diseases like 
RA [22,23]. 

Although it might be anticipated or assumed that 
MTX would have negative regulatory effects on cytokine 
production, this in fact has not been clearly demon- 
strated in experimental models or in treated patients. An 
older investigation carried out prior to the availability of 
immunoassays failed to show inhibition of IL-1 secre- 
tion, although functional activity of the cytokine was re- 
duced [24]. It has been suggested that levels of IL-1 in 
the joint space of patients treated with MTX may be de- 
creased due to changes in local production or composition 



of synovial cell populations; but changes in peripheral 
blood were not shown [25]. Investigations into effects of 
MTX on IL-6 have had similar mixed results. In the murine 
glucose-6-phosphate isomerase-induced arthritis model, for 
example, treatment with MTX does not result in decreases 
in either IL-6 or TNF alpha [26]. In a study of osteoblasts, 
MTX alone had no effect on IL-6 synthesis, but it was able 
to mediate decreased IL-6 production by these cells in re- 
sponse to other inflammatory mediators [27]. This result 
suggests that the existing inflammatory milieu may impact 
cellular responses to MTX. Other findings suggest that the 
anti-inflammatory cytokine IL-10 may be induced along 
with proinflammatory mediators, and perhaps the relative 
balance varies to impact the ultimate physiological ef- 
fect [13]. 

A limitation of our studies is that they were carried out 
in a cell line, and we did not observe stimulation of cyto- 
kine production in human peripheral blood mononuclear 
cells cultured with MTX (data not shown). However, 
monocyte lineage cells are only a small component of 
peripheral blood, and it is possible that effects of MTX 
on minor cell types, perhaps even subsets of circulating 
monocytes, are not sufficient to be measured in mixed cell 
populations. The concept that at least some cell types re- 
spond to MTX by activation of inflammatory pathways is 
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Figure 4 IL-1 and IL-6 gene expression levels, normalized to GAPDH and expressed as Delta Ct values, were increased with MTX and 
not affected by addition of either CAFF or THEO (1 uM each). Addition of CAFF and THEO along with MTX (MCT) did not block the 
stimulatory effects of MTX on IL-1 expression (top left). Significant differences for IL-1 gene expression were detected by one-way ANOVA 
(P = 0.0061) followed by Dunnett's multiple comparisons test, comparing each condition to control (CTRL). Only MTX and MCT cultures (indicated 
by asterisks) were significantly different from CTRL (P <0.05). A similar pattern was observed for IL-6 expression (top right). Although the ANOVA 
result was not statistically significant, only MTX and MCT cultures had any detectable IL-6 expression. Co-culture of MTX with FA (1 uM) blocked 
significantly the normalized expression of IL-1 (bottom left), as shown by ANOVA (P = 0.0010) and in post hoc analyses only the MTX culture was 
significantly different from CTRL (*P <0.05). A similar pattern was observed in a single experiment for IL-6 expression (bottom right). ANOVA, 
analysis of variance; CAFF, caffeine; FA, folinic acid; IL, interleukin; MTX, methotrexate; PAR, parthenolide; THEO, theophylline. 




0.0002 - • 



i 



CTRL HCQ 



IB 

£ 0.010- 



Q 0.02 



0.0001 0.001 0.01 0.1 
MTX(uM) 



0.025 
0.020 
*~ 0.015 
§ 0.010 
0.005 
0.000 



0.0001 0.0010 0.0100 0.1000 



MTX(UM) 

Figure 5 Normalized gene expression (Delta Ct) values for JUN and FOS in U937 cells were increased with MTX (1 uM) but not with 
HCQ (1 uM). The increases in JUN and FOS observed with added MTX were time- and dose-dependent (right two panels). Values represent mean 
and SEM; P values calculated using one-way ANOVA. ANOVA, analysis of variance; HCQ, hydroxychloroquine; MTX, methotrexate. 
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consistent with the known adverse events of this treat- 
ment. It is possible that specialized monocyte/macro- 
phages in tissue locations such as bone or mucosa might 
be more likely to generate inflammatory responses than 
cells in the circulation. Some manifestations in treated pa- 
tients, including mucositis, are often tempered or blocked 
by the addition of folic acid supplements, which is consist- 
ent with the observed reversibility of the cytokine re- 
sponse with folinic acid. It is also possible that this is a 
dose-related effect of MTX and that the higher doses used 
in chemotherapeutic regimens are more likely to stimulate 
inflammatory pathways. 

Another implication of the current findings is that if 
MTX stimulates production of even low levels of proin- 
flammatory cytokines, this may be a reason why combining 
MTX treatment with cytokine blocker drugs is efficacious 
and has longer duration of drug survival than monotherapy 
treatments, at least in some patients [5,28]. Further studies 
to identify patients in whom this effect is significant could 
be useful to predict those who are more likely to benefit 
from addition of anti-cytokine agents to MTX. 

Conclusions 

MTX upregulates in the monocyte cell line U937 the pro- 
duction of the proinflammatory cytokines IL-1, IL-6 and 
TNF alpha. The folate pathway is implicated in this re- 
sponse, while the adenosine signaling pathway is probably 
not involved. These results may have implications for 
explaining mechanisms of some off-target actions of MTX 
such as mucositis and pneumonitis as well as decreased 
bone density in oncology patients. Identification of pa- 
tients in whom this response is significant might be useful 
in predicting the need for combination therapy with anti- 
cytokine agents. 

Abbreviations 

7-AAD: 7-amino actinomycin D; ANOVA: Analysis of variance; BSA: Bovine 
serum albumin; CAFF: Caffeine; ELISA: Enzyme-linked immunosorbent assay; 
FA: Folinic Acid; FCS: Fetal calf serum; HCQ: Hydroxychloroquine; 
IL: Interleukin; LPS: Lipopolysaccharide; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5 
diphenyl tetrazolium bromide; MTX: Methotrexate; NF-kB: Nuclear factor 
kappa B; PAR: Parthenolide; RA: Rheumatoid arthritis; ROS: Reactive oxygen 
species; THEO: Theophylline; TNF: Tumor necrosis factor. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

NJO designed the experiments, analyzed the data and wrote the manuscript. 
CFS assisted with data analysis and preparation of the manuscript. TMA 
analyzed the data and co-wrote the manuscript. All authors read and 
approved the final manuscript. 

Acknowledgements 

We appreciate the technical assistance of Carl McAloose. This work was 
supported in part by a Within Our Reach grant from the Rheumatology 
Research Foundation to NJO and in part under a grant to NJO with the 
Pennsylvania Department of Health using Tobacco CURE funds. Core Facility 
services and instruments used in this project at Hershey Medical Center were 
funded, in part, under a grant with the Pennsylvania Department of Health 



using Tobacco Settlement Funds. The Department specifically disclaims 
responsibility for any analyses, interpretations or conclusions. 

Author details 

1 Division of Rheumatology, Department of Medicine, Penn State MS Hershey 
Medical Center, 500 University Drive, Hershey, PA 17033, USA. 2 Division of 
Rheumatology, Department of Medicine and Department of Pathology, 
Microgiology and Immunology, Vanderbilt University Medical Center, 121 1 
Medical Center Drive, Nashville, TN 37232, USA. 

Received: 9 September 2013 Accepted: 13 January 2014 
Published: 20 January 2014 



References 

1. Hanno R, Gruber GG, Owen LG, Callen JP: Methotrexate in psoriasis. A 
brief review of indications, usage, and complications of methotrexate 
therapy. J Am Acad Dermatol 1 980, 2:1 71 -1 74. 

2. Alarcon GS: Methotrexate use in rheumatoid arthritis. A clinician's 
perspective. Immunopharmacology 2000, 47:259-271. 

3. Jolivet J, Cowan KH, Curt GA, Clendeninn NJ, Chabner BA: The 
pharmacology and clinical use of methotrexate. N Engl J Med 1983, 
309:1094-1104. 

4. Pincus T, Yazici Y, Sokka T, Aletaha D, Smolen JS: Methotrexate as the 
"anchor drug" for the treatment of early rheumatoid arthritis. 

Clin Exp Rheumatol 2003, 21:51 79-S185. 

5. van der Heijde D, Burmester G, Melo-Gomes J, Codreanu C, Mola EM, 
Pedersen R, Freundlich B, Chang DJ, Investigators ES: The safety and 
efficacy of adding etanercept to methotrexate or methotrexate to 
etanercept in moderately active rheumatoid arthritis patients previously 
treated with monotherapy. Ann Rheum DIs 2008, 67:182-188. 

6. Pirker-Fruhauf UM, Friesenbichler J, Urban EC, Obermayer-Pietsch B, Leithner A: 
Osteoporosis in children and young adults: a late effect after chemotherapy 
for bone sarcoma. Clin Orthop Relat Res 2012, 470:2874-2885. 

7. Olsen NJ, Murray LM: Antiproliferative effects of methotrexate on 
peripheral blood mononuclear cells. Arthritis Rheum 1989, 32:378-385. 

8. Chan ES, Cronstein BN: Methotrexate-how does it really work? Nat Rev 
Rheumatol 2010, 6:175-178. 

9. Herman S, Zurgil N, Deutsch M: Low dose methotrexate induces 
apoptosis with reactive oxygen species involvement in T lymphocytic 
cell lines to a greater extent than in monocytic lines. Inflamm Res 2005, 
54:273-280. 

10. Spurlock CF, Aune ZT, Tossberg JT, Collins PL, Aune JP, Huston JW, Crooke 
PS, Olsen NJ, Aune TM: Increased sensitivity to apoptosis induced by 
methotrexate is mediated by JNK. Arthritis Rheum 201 1, 63:2606-2616. 

1 1 . Blits M, Jansen G, Assaraf YG, van de Wiel MA, Lems WF, Nurmohamed MT, 
van Schaardenburg D, Voskuyl AE, Wolbink GJ, Vosslamber S, Verweij CL: 
Methotrexate normalizes upregulated folate pathway genes in 
rheumatoid arthritis. Arthritis Rheum 2013, 65:2791-2802. 

12. Morales-Rojas T, Viera N, Moron-Medina A, Alvarez CJ, Alvarez A: 
Proinflammatory cytokines during the initial phase of oral mucositis in 
patients with acute lymphoblastic leukaemia. Int J Paediatr Dent 201 2, 
22:191-196. 

13. de Koning BA, van Dieren JM, Lindenbergh-Kortleve DJ, van der Sluis M, 
Matsumoto T, Yamaguchi K, Einerhand AW, Samsom JN, Pieters R, 
Nieuwenhuis EE: Contributions of mucosal immune cells to 
methotrexate-induced mucositis. Int Immunol 2006, 18:941-949. 

14. Hamada K, Kakigawa N, Sekine S, Shitara Y, Horie T: Disruption of ZO-1/ 
claudin-4 interaction in relation to inflammatory responses in 
methotrexate-induced intestinal mucositis. Cancer Chemother Pharmacol 
2013, 72:757-765. 

15. King TJ, Georgiou KR, Cool JC, Scherer MA, Ang ES, Foster BK, Xu J, Xian CJ: 
Methotrexate chemotherapy promotes osteoclast formation in the long 
bone of rats via increased pro-inflammatory cytokines and enhanced 
NF-kB activation. Am J Pathol 2012, 181:121 -1 29. 

16. Spurlock CF, Tossberg JT, Fuchs HA, Olsen NJ, Aune TM: Methotrexate 
increases expression of cell cycle checkpoint genes via JNK activation. 
Arthritis Rheum 2012, 64:1780-1789. 

1 7. Olsen NJ, Schleich MA, Karp DR: Multifaceted effects of 
hydroxychloroquine in human disease. Semin Arthritis Rheu 2013, 
43:264-272. 



Olsen ef al. Arthritis Research & Therapy 2014, 16:R1 7 
http://arthritis-research.eom/content/16/1/R17 



Page 8 of 8 



18. Mosmann T: Rapid colorimetric assay for cellular growth and survival: 
application to proliferation and cytotoxicity assays. J Immunol Methods 
1983, 65:55-63. 

1 9. Montesinos MC, Yap JS, Desai A, Posadas I, McCrary CT, Cronstein BN: 
Reversal of the antiinflammatory effects of methotrexate by the 
nonselective adenosine receptor antagonists theophylline and caffeine: 
evidence that the antiinflammatory effects of methotrexate are 
mediated via multiple adenosine receptors in rat adjuvant arthritis. 
Arthritis Rheum 2000, 43:656-663. 

20. Phillips DC, Woollard KJ, Griffiths HR: The anti-inflammatory actions of 
methotrexate are critically dependent upon the production of reactive 
oxygen species. Br J Pharmacol 2003, 1 38:501 -511. 

21. Kim YJ, Song M, Ryu JC: Mechanisms underlying methotrexate-induced 
pulmonary toxicity. Expert Opin Drug Saf 2009, 8:451-458. 

22. Cranney AB, McKendry RJ, Wells GA, Ooi DS, Kanigsberg ND, Kraag GR, 
Smith CD: The effect of low dose methotrexate on bone density. 

J Rheumatol 2001, 28:2395-2399. 

23. Braun T, Schett G: Pathways for bone loss in inflammatory disease. 
Curr Osteoporos Rep 201 2, 1 0:1 01 -1 08. 

24. Segal R, Mozes E, Yaron M, Tartakovsky B: The effects of methotrexate on 
the production and activity of interleukin-1 . Arthritis Rheum 1989, 
32:370-377. 

25. Thomas R, Carroll GJ: Reduction of leukocyte and interleukin-1 beta 
concentrations in the synovial fluid of rheumatoid arthritis patients 
treated with methotrexate. Arthritis Rheum 1993, 36:1244-1252. 

26. Hashizume M, Yoshida H, Tanaka K, Suzuki M, Matsumoto I, Sumida T, 
Mihara M: lnterleukin-6 regulates anti-arthritic effect of methotrexate via 
reduction of SLC19A1 expression in a mouse arthritis model. Arthritis Res 
Ther 2012, 14:R96. 

27. Yoshida M, Kanno Y, Ishisaki A, Tokuda H, Hirade K, Nakajima K, Katagiri Y, 
Shimizu K, Kozawa O: Methotrexate suppresses inflammatory agonist 
induced interleukin 6 synthesis in osteoblasts. J Rheumatol 2005, 
32:787-795. 

28. Fagerli KM, Lie E, van der Heijde D, Heiberg MS, Lexberg AS, Rodevand E, 
Kalstad S, Mikkelsen K, Kvien TK: The role of methotrexate co-medication 
in TNF-inhibitor treatment in patients with psoriatic arthritis: results from 
440 patients included in the NOR-DMARD study. Ann Rheum Dis 2013, 

73:132-137. 



doi:10.1186/ar4444 

Cite this article as: Olsen ef al:. Methotrexate induces production of IL-1 
and IL-6 in the monocytic cell line U937. Arthritis Research & Therapy 
2014 16:R17. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at /^'\ n! _, ul _-| r Q r,tr=l 

www.biomedcentral.com/submit ammBa central 



V 



